Neutrino Mass and Baryon Asymmetry from Dirac Seesaw 
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We extend the visible content of the standard model (SM) with a hidden sector composed of three 
right-handed singlet neutrinos and one singlet Higgs. These extra singlets are charged under a new 
U(l) x gauge symmetry while the SM particles are not. Two heavy scalar doublets are introduced 
to play the role of the messengers between the visible and hidden sectors. The neutrinos naturally 
acquire tiny Dirac masses because the ratio of weak scale over the heavy messenger masses is highly 
suppressed. Furthermore, the heavy messengers simultaneously generate baryon asymmetry of the 
universe through their out-of-equilibrium CP- violating decays. 
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The tiny neutrino masses and the matter-antimatter 
asymmetry in the universe pose two major challenges to 
particle physics and cosmology. This indicates the ne- 
cessity of supplementing to the existing theory certain 
new ingredients, which have been hidden from the direct 
experimental observations so far [l[ . 

In this paper, we propose a novel Dirac Seesaw model 
to obtain the tiny neutrino masses and generate the ob- 
served baryon asymmetry by extending the visible con- 
tent of the standard model (SM) with a hidden sector 
which is prescribed by a U{l) x gauge symmetry and 
composed of three right-handed singlet neutrinos plus 
one singlet Higgs. Two heavy scalar doublets are intro- 
duced to play the role of messengers between the visible 
and hidden sectors. 

The field content of the proposed SU(2) L <g) U(1) Y <g> 
U(l) x model is defined in Tabled where ip L , <f>, v R , \, 
T) are the left-handed lepton doublets, the Higgs doublet, 
the right-handed singlet neutrinos, the singlet Higgs and 
the heavy scalar doublets, respectively. All other un- 
listed SM fields are U (l)x singlets. In this Table we have 
also suppressed the generation indices for simplicity. It 
is clear that the conventional Yukawa couplings of the 
left-handed lepton doublets and the right-handed singlet 
neutrinos with the light Higgs doublet <f> are forbidden 
because the right-handed neutrinos have U(l) x charge 
while all the SM particles do not. Namely, the sector 
composed of the right-handed neutrinos and the Higgs 
singlet is hidden from the visible SM sector. However, 
the heavy scalar doublets 77, which join not only the SM 
gauge group SU(2) L ® U(1) Y but also the new U(l) x , 
can bridge the two sectors. In this sense, we may regard 
the heavy scalar doublets as "messengers" . 

We can thus write down the relevant interaction La- 
grangian for generating the Dirac neutrino masses. It 
involves the messenger scalars rj, the SM-like doublet 4> 
and the singlet scalar \ , 
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TABLE I: The field content related to the generation of the 
Dirac neutrino masses. All other SM fields are U(V)x singlets 
and the family indices have been omitted for simplicity. 
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FIG. 1: The heavy scalar doublets rj act as the messengers 
between the visible and hidden sectors. The other SM fields 
and the family indices have been omitted for simplicity. 



where y is the Yukawa coupling. The cubic scalar cou- 
pling p has mass dimension- 1 and is set to be real after a 
proper phase rotation. From Fig. [21 we note that at low 
energy we can integrate out the heavy messengers rj and 
obtain the following effective dimension-5 operator, 

£dLc = -Vtt^^XVr + h.c. , (2) 

where M„ denotes the heavy messenger masses. So, once 
the Higgs fields <j> and % get nonzero vacuum expectation 
values (VEVs) after the symmetry breaking, the neutri- 
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FIG. 2: The generation of Dirac neutrino masses, 
family indices have been suppressed. 



nos naturally acquire small Dirac masses, 



Here the 
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Here ((f)) = v and (x) = u represent the scalar VEVs. 
From minimizing the scalar potential in Appendix-A, we 
have also shown that the heavy messengers will acquire 
tiny VEVs, (n) ~ puv/M* , after SU(2) L <g U{l) Y <g> 
U(l) x is broken to U(l) cm . This confirms Eq. due to 
the mass formula M v = y (rj) from Eq. |T]). 

The vacuum expectation value (x) = u breaks U(l)x 
and is expected to be nearby the weak scale, so we will 
set u — O(TeV) . As for the cubic scalar coupling p, 
we consider a reasonable case where p is of order M v or 
less. Under this setup, it is easy to see from Eq. ^ that 
the Dirac neutrino masses will be efficiently suppressed 
by the ratio of the weak scale over the heavy messenger 
masses. For instance, we find that, for M„ ~ 10 14 GeV, 
p ~ 10 13 GeV and y ~ 0(1), the neutrino masses can 
be naturally around 0(0.1 eV). It is clear that this 
new mechanism of the neutrino mass generation has two 
essential features: (i) it generates Dirac masses for neu- 
trinos, and (ii) it retains the essence of the conventional 
seesaw Q by making the neutrino masses tiny via the 
small ratio of the weak scale over the heavy mass scale, 
and hence may be called Dirac Seesaw. We further note 
that the above Dirac-type dimension-5 effective operator 
@ does share certain essential features with the tradi- 
tional Majorana-type dimension-5 effective operator Q, 
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neutrinos in the Majorana Seesaw), we see that the re- 
sulted effective dimension-5 operators ^ and ^ share 
an essential similarity regarding the generation of small 
neutrino masses. 

In the following, we demonstrate how to generate the 
observed baryon asymmetry within the above Dirac See- 
saw scenario. It allows us to make use of the so-called 
Dirac leptogenesis mechanism [4| . As shown in [J] , since 
the sphalerons [f| have no direct effect on the right- 
handed fields, a nonzero lepton asymmetry stored in the 
right-handed fields could survive above the electroweak 
phase transition and then produce the baryon asym- 
metry in the universe, although the lepton asymmetry 
stored in the left-handed fields had been destroyed by 
the sphalerons. For all the SM species, the Yukawa cou- 
plings are sufficiently strong to rapidly cancel the stored 
left- and right-handed lepton numbers. But the effective 
interactions of the right-handed Dirac neutrinos are ex- 
ceedingly weak, and the equilibrium between left- and 
right-handed lepton numbers will not be realized until 
temperatures fall well below the weak scale. At that 
time the left-handed lepton number has already been con- 
verted to baryon number by the sphalerons. Hence, the 
leptogenesis [6| could be valid even if the neutrinos are 
not of Majorana nature For the SM with threegener- 
ation fermions and one Higgs doublet, one finds [J] that 
the final baryon number, which is converted from the 
lepton number stored in the left-handed leptons, should 
be 



ri R = n, — 
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In the Dirac leptogenesis scenario, the requirement 
of CP violation must be fulfilled in order to generate a 
baryon asymmetry in the early universe. In the present 
model, the heavy messengers have two decay processes: 



<t>x 




if, 
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could pro- 



The channels of rj — ► ip L v R and r\ 
vide the expected asymmetry between the right-handed 
neutrinos and antineutrinos as long as the CP is not con- 
served. For the purpose to produce CP-violation, we need 
at least two such heavy messenger scalars jjl (j = 1,2) 
to realize the interference between the tree diagram and 
the irreducible loop correction. Here we minimally intro- 
duce two heavy messengers and write down the relevant 
Lagrangian, 



where (f> = iT 2 (j>* has hypercharge +^ and C = 
is the charge-conjugation operator. The major difference 
of the current Dirac Seesaw from the conventional Majo- 
rana Seesaw Q is that the former involves heavy doublet 
scalar rather than heavy singlet Majorana fermion. After 
integrating out the heavy fields (either the heavy messen- 
ger scalars in the Dirac Seesaw or the heavy right-handed 
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where the summation over the family indices (a, (3) is 
implied. Fig. [3] depicts the decay of r\ i — > ip La v R g at 
tree-level and one-loop order. Then, we can define the 
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FIG. 3: The decay of rjf — > ip La v%n at tree- level (a), and at 
one- loop order (b). The interference of these diagrams pro- 
duces the CP-violation needed for giving rise to a net asym- 
metry stored in the right-handed neutrinos. 



where the cubic couplings p\ and p 2 are properly defined 
to be real as mentioned below Eq. (Q]) . The presence of 
the relative phases between y 1 and y 2 can generate a net 
lepton asymmetry stored in the right-handed neutrinos 
via the out-of-equilibrium decay of the lighter messenger 
•q l . Subsequently, as long as the transmission between 
the produced left- and right-handed asymmetries is pre- 
vented from coming into thermal equilibrium at least 
until after the electroweak phase transition, the right- 
handed asymmetry could be hidden from the sphalerons 
and then the left-handed lepton number gets converted 
into the baryon asymmetry. 

It is reliable to determine the final baryon asymmetry 
by exactly solving the full Boltzmann equations, which 
is beyond the scope of the present demonstration and 
will be presented elsewhere. For convenience, we will 
adopt the conventional approximate expression for the 
asymmetry of the right-handed neutrinos [8j : 



CP asymmetry for the right-handed neutrinos, 



Ea/3 T (4^^L a v Bb) ~ T (V t ^^ La 
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where r(?7 i — > ip La v R a) is the decay width of rj i — > 
ip La v c R p , and so on. T i denotes the total decay width of 

a/3 

ee J2 -> V La vrp) + T(4 -> X f ) ■ (9) 

a/3 

Note that the second equality in ((9]) is guaranteed by 
the unitarity and the CPT conservation. In comparison 
with the right-handed neutrinos, the left-handed leptons 
should have an equal but opposite CP asymmetry. After a 
lengthy calculation, we derive the total decay width and 
the CP asymmetry, respectively, 



for K < 1, 



Y„ EE 



Q-3e Rl /[9*K(biK) - 6 }, for K > 1, 
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where s is the entropy density and g t — 0(100) is the 
number of relativistic degrees of freedom in the early uni- 
verse. The parameter K stands for the ratio of the total 
decay width of •q l to the expansion rate of the universe: 
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where H(T) = (87r 3 £rj90) 1 / 2 T 2 /M pl is Hubble constant 
and M P1 ~ 1.22 x 10 19 GeV is Planck mass. 

It is clear from Eq. (fT2|) that we must have at least 
two heavy messengers for the v R — v R asymmetry to be 
nonzero, hence the neutrino mass matrix described in 
Eq. |3]) should be expanded as, 
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r, = 
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Under the limit of M Vi <C M V2 and for p i < M v , we can 
(10) neglect the contribution from r\ 2 in the above equation. 
Thus, we further derive the neutrino masses as, 
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where j ^ i . 

In the case that the two heavy messengers have hierar- 
chical masses, the final lepton asymmetry comes mainly 
from the decay of the lighter one. For illustration, let us 
focus on this hierarchical case. Without losing generality, 
we will choose T]^ to be the ighter messenger and rj 2 the 
heavier one. Thus, we can simplify the CP-asymmetry as, 
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where m [j 



1,2,3) are the neutrinos mass- 



eigenvalues. Bj: and B s are the branching ratios of r/ 1 
decaying to the fermions and the scalars, respectively, 
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We note that B f and B s obey the relationship, 



APPENDIX A 
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It is convenient to express K as a function of the neutrino 

masses, 
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where the quadratic mean m of the neutrino masses is 
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defined by to 2 



For illustration below, let us choose, 
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where S denotes the relative phase between y 1 and y 2 - 
So, we can derive the CP-asymmetry from Eq. (|12|) . 
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For the inputs of B f B s = 1/4, sin 5 = — 1, r = 0.1, 
u = ITeV, M, h = 1.15 x 10 12 GeV and m = 0.1 cV, 
we derive the sample predictions, £ fll ~ —2.6 x 10 -6 and 
K ~ 16 . In consequence, applying Eqs. ([5]) and (flU|) , we 
arrive at, ro B /s — 8.7 x 10~ n . From this we can deduce, 
n B /n 1 ~ 7.04n B /s ~ 6.1 x 10~ 10 , which agrees well to 
the observation @, n B /n^ = (6.0965 ± 0.2055) x 10~ 10 , 
where n 1 is the current photon number density. 

In conclusion, we have presented a new Dirac Seesaw 
scenario to simultaneously explain the origin of neutrino 
masses and the generation of baryon asymmetry in the 
universe. This is achieved by extending the visible con- 
tent of the SM with a hidden sector which has new U(l) x 
gauge symmetry and is composed of three right-handed 
singlet neutrinos and one singlet Higgs. The messages be- 
tween these two sectors are mediated by the heavy mes- 
senger scalar doublets. The heavy messengers can help 
to highly suppress the neutrino masses and also decay ef- 
ficiently to provide the baryon asymmetry. Further phe- 
nomenological consequences from the hidden sector (in- 
cluding the new gauge boson Z' from the broken U(l)x 
[To| ) are interesting and will be studied elsewhere. 



The general scalar potential in our model is 

V{<l>,X>Vi) 

= -^c^cj) + A(</>V) 2 - <7 2 x t x + K ( x t x )2 + £0t0 x t x 
- [PiXVi<t> + h.c.]} , 

( A1 ) 

where the indices (i, j,k,£) — 1, 2, ■ • ■ , denote the number 
of the messenger doublets. Without losing generality, 
the tree-level mass matrix for the scalar doublets rji have 
been chosen to be diagonal and real. We then analyze 
the potential as a function of the scalar VEVs, v = (<f>) , 
u = (x) and w t = (%) , 

V(v,u,Wi) 

= -p 2 v 2 + \v A - a 2 u 2 + ku a + £v 2 u 2 

+ zZ^ M % w i + $ijkiw l w :j w k w e (A2) 

ijk£ 

+{ a ij + Pij)v 2 w i w j + •y ij u 2 w i w j - 2p i vuw i ] . 

Taking the extreme conditions, = dV/dv = dV/du = 
dV/dw i , we obtain 

= -2p 2 v + 4Av 3 + 2£vu 2 

+ [ 2 ( a i] + Pi^vWiWj - 2p i uw i ] , (A3) 

= -2<t 2 w + 4km 3 + 2^ 2 m 



(A4) 



= ^\2M 2 w i +A8 l3U w w k w t 



+2(a 4j + P lj )v 2 w J + 2- 1lj u 2 w ] - 2p l vu] . (A5) 

As before, we will choose M v , ^> v, u and p i < M v . , 
and thus we deduce w i [TiJ from solving Eq. (|A5[) . 
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Subsequently, we have 
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(A7) 
(A8) 



4kA-c 2 ' 

where the coefficient c = £ — p 2 /M 2 . In order to en- 

i 

sure v and u to be nonzero, we can choose the parameters 
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/i 2 , u 2 , A, k and c to satisfy the following conditions, 
c ± 0, 

or, c = . (A9) 

c u 2 2A 
oT < — < — > 
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